We developed a clonal WI-38hTERT/GFP-RAF1-ER immortal cell line to study RAF-induced senescence of human fibroblasts. Activation of the GFP-RAF1-ER kinase by addition of 4-hydroxy-tamoxifen led to a robust induction of senescence within one population doubling, accompanied by the assembly of heterochromatic foci. At least two pathways contribute in parallel to this senescence leading to the accumulation of p15, p16, p21 and p27 inhibitors of cyclin-dependent kinases (CKIs). Cells that traversed S phase after RAF1 kinase activation experienced a replicative stress manifested by phosphorylation of H2AX and Chk2 and synthesis of p21. However, about half the cells in the population were blocked without passing through S phase and did not show activation of DNA-damage checkpoints. When the cells were cultivated in 5% oxygen, RAF1 activation generated minimal reactive oxygen species, but RAF-induced senescence occurred efficiently in these conditions even in the presence of anti-oxidants or inhibitors of DNA checkpoint pathways. Despite the presence of heterochromatic foci, simultaneous knockdown of p16 and p21 with inactivation of the GFP-RAF1-ER kinase led to rapid reversion of the senescent state with the majority of cells becoming competent for long-term proliferation. These results demonstrate that replicative and oxidative stresses are not required for RAF-induced senescence, and this senescence is readily reversed upon loss of CKIs.
Introduction
Senescence is a stress response of mammalian cells that is manifested by a durable arrest of cell proliferation associated with characteristic changes in gene expression (Kuilman et al., 2010) . Several types of stress are capable of inducing senescence, including loss/deprotection of telomeric sequences, oxidative stress, DNA damage and oncogene expression (Campisi and d'Adda di Fagagna, 2007) . All of these stresses may occur during human oncogenesis and the senescence response is likely to be an important tumor-suppressor mechanism that blocks the proliferation of potentially cancerous cells (Collado and Serrano, 2010) .
Expression of mitogenic oncogenes such as RASval12 or activated forms of the RAF kinase induces senescence in many types of normal human or murine cells through hyperactivation of the ERK1/2 MAP kinases (Meloche and Pouyssegur, 2007) . This hyperactivation appears to induce a stress response that may lead to the activation of the p38 MAP kinase (Han and Sun, 2007) . In the case of RASval12, the production of reactive oxygen species (ROS) has been implicated in p38-MAPK activation (Dolado et al., 2007) . Furthermore, expression of RASval12 is associated with a replicative stress that can activate DNA-damage checkpoints (Di Micco et al., 2006; Mallette et al., 2007) . ROS and DNA damage have been implicated in p53 activation and the subsequent transcriptional activation of the CDKN1A gene encoding the p21 cyclin-dependent kinase inhibitor (CKI) (Campisi and d'Adda di Fagagna, 2007; Han and Sun, 2007) . Hyperactivation of the ERK MAP kinases has also been implicated in the transcriptional derepression of the INK4A/B locus encoding the p15 and p16 CKIs through partially defined pathways (Popov and Gil, 2010) .
CKI accumulation during senescence leads to the inhibition of cyclin-dependent kinases (CDKs) and thereby prevents the phosphorylation of the retinoblastoma family of transcriptional repressors. In its hypo-phosphorylated form, retinoblastoma is active as a repressor of multiple genes implicated in G1/S and G2/M progression (Du and Pogoriler, 2006) and retinoblastoma family function is required for senescence (Sage et al., 2000; Chicas et al., 2010) .
Interestingly, the proliferative arrest associated with senescence is sustained over long periods of time. Nevi, for example, are thought to be composed of melanocytes that have entered into a senescent state, potentially for the life of the individual, in response to the expression of an oncogenic mutation (Kuilman et al., 2010) . The stability of the senescent state is presumably critical in preventing progression of nevi into melanomas. In human cells, senescence-associated heterochromatic foci (SAHFs) may contribute to the stability of the senescent state .
In this paper, we focus on parallel pathways leading to senescence of WI-38hTERT human fibroblasts by the conditional activation of the RAF1 kinase, and on conditions permitting the reversion of the senescent state.
Results

RAF1-induced senescence of WI-38 human fibroblasts within one population doubling
We were interested in developing a model cell line in order to easily study oncogene-induced senescence of human cells. The WI-38 human embryonic lung fibroblast cell line was isolated and characterized by Hayflick in his original studies of replicative senescence (Hayflick and Moorhead, 1961) , and it has also been used subsequently to study senescence induced by other stresses. Oncogene-induced senescence is not dependent on the status of telomeres (Wei and Sedivy, 1999) . In order to avoid complications associated with telomere loss during cell passaging, we immortalized WI-38 cells with a retrovirus expressing hTERT and we cultivated the cells in 5% oxygen to avoid oxidative stress associated with culture in ambient 21% oxygen. Wright and Shay have shown that WI-38hTERT fibroblasts are effectively immortalized under these conditions (Forsyth et al., 2003) . Oncogene-induced senescence has most often been studied by infecting cells with retroviral or lentiviral vectors to express the oncogene. Interestingly, McMahon et al. developed an activated form of the RAF1 (C-RAF) kinase whose activity was controlled by fusing with an estrogen receptor domain, and whose expression levels could be visualized in living cells by fusing with GFP (GFP-DRAF1-DD-ER, called here GFP-RAF1-ER for short). They introduced this construct into normal human fibroblasts by retroviral infection, selected GFP-expressing cells by flow cytometry and showed that activation of the fusion protein by the addition of 4-hydroxy-tamoxifen (4-HT) led to a rapid induction of senescence in these cells (Zhu et al., 1998) . In order to avoid retroviral infections, we stably integrated this construct into our WI-38/hTERT cell line by nucleofection and we screened individual clones for their ability to undergo senescent arrest after addition of 4-HT. Approximately 50% of such clones showed robust conditional senescence after addition of 20 nM 4-HT for 3 days. This concentration was subsequently used for all experiments unless otherwise indicated. The remaining clones expressed little or no GFP fluorescence and presumably represented plasmid integration sites that did not allow sufficient GFP-RAF1-ER expression to trigger senescence. Representative clones expressing GFP-RAF1-ER were chosen for further analysis. We analyzed the rapidity of senescent induction in order to compare with previous studies. Inhibition of DNA synthesis was evident by 48 h after addition of 4-HT to an asynchronously growing population of WI-38hTERT/GFP-RAF1-ER cells and essentially complete at 3 days ( Figure 1a) . Furthermore, more than 95% of cells assembled striking SAHFs by 3 days of incubation with 4-HT (Figure 1b) . SAHF assembly was associated with a dramatic accumulation of HMGA1 and HMGA2, and a decrease in some histone H1 isoforms (Figure 1c) , as has been reported for RASval12-induced senescence (Funayama et al., 2006; Narita et al., 2006) . Senescent-associated b-galactosidase activity (Supplementary Figure 1) and the accumulation of IL8 and MMP1 mRNAs ( Figure 1d ) were also evident after 3 days of incubation with 4-HT. IL8 and MMP1 are two secreted factors that are representative of a group of secreted proteins whose expression is increased in senescent fibroblasts (Coppe et al., 2008; Kennedy et al., 2011) . Activation of GFP-RAF1-ER led to a rapid and sustained activating phosphorylation of ERK1/2 (Figure 1e ) that is responsible for triggering senescence (Zhu et al., 1998) . Cell numbers increased only 1.5-fold after addition of 4-HT, and FACS analysis indicated that 68% of cells were arrested with a 2-N DNA content and 31.5% with a 4-N DNA content ( Figure 1a) . Senescence induced by RAF1-ER appears to be significantly faster than that observed for RASval12 in which cells were reported to undergo a proliferative burst before induction of senescence (Lin et al., 1998; Di Micco et al., 2006) . This rapidity may explain some differences between senescence induced by RAF compared with RAS, as described below.
DNA damage is not required for RAF-induced senescence DNA damage in the form of replicative stress has been suggested to be an essential aspect of some types of oncogene-induced senescence, including that induced by RASval12 (Bartkova et al., 2006; Di Micco et al., 2006; Mallette et al., 2007) . We tested this possibility by scoring cells by immunofluorescence for well-characterized markers of DNA damage: g-H2AX foci, phospho-T68-Chk2 and p21-CDKN1A/CIP1 (Figures 2a and b) . Approximately 20% of proliferating control cells stained positively for g-H2AX, but only E5% of these g-H2AX-positive cells were also positive for phospho-T68-Chk2 and p21. Essentially all proliferating cells with g-H2AX foci also incorporated 5-bromo-2-deoxyuridine (BrdU) during pulse labeling ( Figure 2c ) and showed PCNA foci that are characteristic of cells in S phase (Supplementary Figure 2) . Thus, g-H2AX is found at higher levels in S phase of proliferating WI-38hTERT/GFP-RAF1-ER cells, but this formation of g-H2AX in S phase-proliferating cells was not associated with activation of DNA checkpoint pathways leading to phosphorylation of Chk2 and derepression of p21 ( Figure 2a) . As a positive control for the detection of DNA damage, we treated cells with 20 mM etoposide for 3 days, a condition that triggers senescence by inducing the formation of DNA double-strand breaks (Robles et al., 1999) . More than 90% of such cells had prominent g-H2AX and phospho-T68-Chk2 foci, and 40% of these cells also stained positively for p21 (Figure 2a) . In contrast, after 3 days of incubation with 4-HT, only 50% of WI-38hTERT/GFP-RAF1-ER cells contained g-H2AX foci and most of these cells were also positive for both phospho-T68-Chk2 and p21. This result suggested that about half the WI-38hTERT/ GFP-RAF1-ER cells triggered DNA-damage checkpoint pathways after activation of the GFP-RAF1-ER kinase. Why is activation of DNA damage checkpoint pathways restricted to half the number of cells? Cells in the process of DNA replication are particularly sensitive to genotoxic stress because many types of modified bases impede replication fork progression. We thus sought to determine the fraction of cells that pass through S phase in the presence or absence of 4-HT for 3 days by incubating the cells with BrdU. 94% of cells incorporated BrdU in the absence of 4-HT, but only 53% incorporated BrdU in the presence of 4-HT over the 3-day period, and 80% of these latter cells also stained positively for g-H2AX (Figures 2c and d) . This result demonstrated that only about half the cells transit through S phase during the 3-day incubation with 4-HT and most of these cells experienced replication stress, whereas the remaining cells did not traverse S phase and did not activate DNA checkpoint pathways even though >95% of the cells were senescent at this time. These results suggest that activation of DNA damage checkpoints is not essential for RAF-induced senescence.
We treated cells with inhibitors of the ATM and Chk1 kinases in order to further test the contribution of DNA-damage checkpoint pathways to RAF-induced senescence. The ATM inhibitor KU-55933 (10 mM) (Hickson et al., 2004) or the Chk1 inhibitor UCN-01 (200 nM) (Yu et al., 2002) significantly reduced the percentage of cells expressing g-H2AX during treatment with 4-HT for 3 days (Figure 2a) . However, these inhibitors also reduced the percentage of cells incorporating BrdU in the presence of 4-HT (Figure 2c) . Thus, the reduction of g-H2AX by these inhibitors in the presence of 4-HT was correlated with an inhibition of DNA synthesis. We tested the effect of these treatments on senescence by incubating cells with ATM or Chk1 inhibitors for 3 days in the presence or absence of 4-HT, and then removing 4-HT and inhibitors and incubating for 1 day or 4 days in fresh medium containing BrdU. Cells were then scored for BrdU incorporation and the presence of SAHFs. Inhibition of BrdU incorporation was largely reversible when cells were treated with KU-55933 or UCN-01 without 4-HT ( Supplementary  Figure 3a) . In contrast, inhibition of BrdU incorpora- tion was irreversible when cells were treated with 4-HT for 3 days in the absence or the presence of KU-55933 or UCN-01, and all such cells displayed prominent SAHFs (Supplementary Figures 3a and b) . We thus conclude that inhibition of ATM or CHK1 does not block RAFinduced senescence. We similarly found that the ATM/ ATR inhibitors caffeine and wortmannin did not prevent senescence induced by 4-HT in our cell line (data not shown). These results suggest that activation of DNA-damage checkpoint pathways is not required for RAF-induced senescence.
In order to verify that these results were not specific to our cloned WI-38hTERT/GFP-RAF1-ER cell lines, we repeated our analyses of DNA-damage markers during RAF-induced senescence using non-immortalized IMR90/GFP-RAF1-ER human fetal lung fibroblasts. This population of cells was previously described in detail by Martin McMahon and colleagues (Zhu et al., 1998) . Less than 40% of the IMR-90/GFP-RAF1-ER cells expressed markers of DNA damage after induction of senescence by activation of the RAF1 kinase for 3 days (Supplementary Figure 4) . Furthermore, as for our WI-38hTERT clones, these cells underwent senescence with the same efficiency even after treatment with levels of UCN-01 and KU-55933 that substantially inhibited H2AX and Chk2-T68 phosphorylation and p21 synthesis (Supplementary Figures 3c, d and 4) . Thus, we conclude that DNA damage and activation of DNA-damage response pathways are not required for RAF-induced senescence of either WI-38hTERT or non-immortalized IMR-90 human fibroblasts.
ROS production and p38 MAP kinase activation are minimal during RAF-induced senescence in 5% oxygen Expression of H-RASval12 in human fibroblasts grown in ambient 21% oxygen was shown to induce the production of ROS (Lee et al., 1999; Moiseeva et al., 2009) . Reducing ROS production by growing cells at low oxygen tension or in the presence of the anti-oxidant N-acetyl-cysteine (NAC) inhibited senescence. We used the fluorescent probe dichlorodihydrofluorescein diacetate (H2DCFDA) to assay for ROS production in cells expressing activated RAF1 kinase. After uptake into cells, hydrolysis of the diacetate groups and oxidation by intracellular ROS produces fluorescent dichlorofluorescein (DCF). In order to avoid interference of GFP fluorescence from the GFP-RAF1-ER fusion Parallel pathways in RAF-induced senescence M Jeanblanc et al protein, we used a WI-38hTERT cell line in which the DRAF1-DD-ER protein was not fused to GFP. This cell line had similar characteristics to the GFP-DRAF1-DD-ER cell line. Flow cytometry showed that cells grown in 21% oxygen had higher levels of DCF fluorescence compared with cells grown in 5% oxygen, suggesting a higher level of ROS in these cells ( Figure 3a and Supplementary Figure 5 ). After addition of 4-HT for 3 days, DCF fluorescence increased further in cells cultivated in 21% oxygen. In 5% oxygen, DCF fluorescence increased minimally after incubation with 4-HT. Addition of NAC to 10 mM reduced DCF fluorescence. Strikingly, unlike RASval12-induced senescence, we found no inhibition of RAF-induced senescence by the addition of NAC under conditions that inhibited ROS production (Supplementary Figure 3) .
The p38 MAP kinase was activated in fibroblasts expressing GFP-RAF1-ER after 4-HT induction, or in fibroblasts expressing the RASval12 oncogene (Wang et al., 2002; Iwasa et al., 2003) . In the case of RASval12, p38 activation was suggested to be due to ROS production (Dolado et al., 2007) . It should be noted that all of these experiments were conducted in ambient 21% oxygen rather than the normoxic 2-5% oxygen found in tissues (Brahimi-Horn and Pouyssegur, 2007) . We compared activating phosphorylation of p38 MAP kinase in WI-38hTERT/GFP-RAF1-ER cells after addition of 20 nM or 1 mM 4-HT to cells grown in 5% versus 21% oxygen. Addition of 1 mM 4-HT was previously shown to lead to an apparently higher-level activation of the GFP-RAF1-ER kinase compared with 10 nM (Zhu et al., 1998; Iwasa et al., 2003) . We confirmed that p38 phosphorylation was higher in cells treated with 1 mM compared with 20 nM 4-HT. However, we also found that this phosphorylation was much weaker in cells grown in 5% oxygen compared with 21% oxygen (Figure 3b ). We did not observe obvious p38-activating phosphorylation for cells treated with 20 nM 4-HT in 5% oxygen. This result may be correlated with the lower ROS levels observed for these cells in 5% oxygen (Figure 3a) , and further suggests that ROS production and p38 activation are not essential for RAF1-induced senescence.
ROS can potentially generate oxidative DNA lesions leading to DNA checkpoint activation, H2AX and Chk2-T68 phosphorylation, and p21 synthesis. We scored for these markers after 4-HT induction in the absence or the presence of NAC in order to gauge the contribution of ROS to the DNA damage induced by activation of the RAF1 kinase. NAC reduced by half the percentage of cells expressing these DNA-damage markers (Figure 2a and Supplementary Figure 4a) . However, 10 mM NAC also inhibited BrdU incorporation during the 3-day incubation with 4-HT ( Figure 2c and Supplementary Figure 4c) . The reduction of cells expressing gH2AX, phospho-T68-Chk2 and p21 may thus be due to the ROS reduction and/or to the decrease in DNA synthesis.
RAF-induced senescence of serum-starved or contact-inhibited cells
Replicative stress has been suggested to be an essential aspect of oncogene-induced senescence (Bartkova et al., 2006; Di Micco et al., 2006) . Furthermore, mitogenic stimulation promotes senescence (Satyanarayana et al., 2004; Takahashi et al., 2006) . However, McMahon and colleagues previously showed that the high-level activation of the GFP-RAF1-ER kinase in serum-starved IMR-90 fibroblasts prevented DNA replication in these cells even after subsequent withdrawal of 4-HT in the presence of a serum-containing medium (Zhu et al., 1998) . This result suggested that RAF1 activation could induce senescence in serum-starved cells. We further tested the necessity of serum and replicative stress in Figure 3 Minimal ROS production and p38 MAP kinase phosphorylation during RAF1-induced senescence in 5% oxygen, but higher levels when cells are cultivated in ambient 21% oxygen. (a) WI-38hTERT/DRAF1-DD-ER cells were cultivated in the presence of 5 or 21% oxygen, and in the presence or absence of 20 nM 4-HT or 10 mM NAC for 3 days as indicated. Cells were then prepared for determination of ROS levels by flow cytometry with the fluorescent probe H2DCFDA as indicated in Materials and methods. One sample of control cells in PBS was treated with 10 mM hydrogen peroxide (H 2 O 2 ) for 10 min directly before introducing the cells in the flow cytometer as a positive control for the detection of ROS. Shown is the average value of the modes for the fluorescence distributions in Supplementary Figure 5 , representing 3-4 replicates for each condition. The mode is the value that occurred most frequently in the fluorescence distributions. This value was set to 100 for proliferating cells grown in 5% oxygen. (b) Immunoblot analysis of activated phospho-p38 MAP kinase and total p38 MAP kinase levels during senescence induced by 20 nM 4-HT or 1 mM 4-HT over a 4-day time course for cells grown in 5% oxygen or 21% oxygen. A sample of proliferating cells in 5% oxygen was treated with 450 mM hydrogen peroxide (H 2 O 2 ) for 2 h and then washed and incubated in fresh medium for 24 h before harvesting cells as a positive control for an oxidative stress condition leading to activating phosphorylation of p38 MAP kinase. After Odyssey scanning of membranes, the ratio of phospho-p38 to total p38 was determined and normalized to the value for cells in proliferation in 5 or 21% oxygen.
Parallel pathways in RAF-induced senescence M Jeanblanc et al RAF-induced senescence by serum-starving WI38hTERT/GFP-RAF1-ER cells for 2 days. FACS analysis confirmed that cells accumulated in G1 phase after serum starvation (Figure 4a ). We then added 4-HT to the serum-starved cells in the absence or presence of serum for 3 additional days. FACS analysis indicated that cells incubated with 4-HT for 3 days in the absence of serum remained blocked in G1 phase, whereas cells incubated with serum in the absence of 4-HT resumed proliferation with a FACS profile resembling the control proliferating cells (Figure 4a ). Serum-starved cells that were treated with serum þ 4-HT for 3 days also showed a significant fraction of cells with a 4-N DNA content, but a depletion of cells in S phase, as would be expected if the serum had stimulated cell proliferation initially, which was then blocked by senescence induced by 4-HT. We verified that serum-starved cells had undergone senescence when incubated with 4-HT in the absence or Parallel pathways in RAF-induced senescence M Jeanblanc et al the presence of serum for 3 days by washing away the 4-HT, and then adding back fresh medium containing BrdU and serum for 4 additional days. Cells were then fixed and the percentage of cells that had incorporated BrdU was determined (Figure 4b ). Cells were also stained with 4 0 ,6-diamidino-2-phenylindole (DAPI) to score for SAHFs. The results showed that treatment of serum-starved cells with 4-HT for 3 days in the absence or the presence of serum induced an irreversible arrest of proliferation. These cells also displayed striking SAHFs in their nuclei. We conclude that RAF-induced senescence can occur efficiently in the absence of replicative stress and in the absence of serum growth factors.
To further test the importance of replicative stress in RAF-induced senescence, we evaluated the ability of active RAF1 kinase to induce senescence in confluent cells whose proliferation was inhibited by cell contact. We seeded normal and hTERT-immortalized/GFP-RAF1-ER fibroblasts at high densities and incubated cells with or without 4-HT for 3 days. Control experiments showed that o10% of cells incorporated BrdU during this period, as expected for contactinhibited cells (Figure 4c ). Cells were then trypsinized, replated at 25% confluency and incubated with BrdU to test the ability of the cells to re-proliferate. Approximately 90% of confluent WI-38hTERT/GFP-RAF1-ER cells and 50% of confluent IMR-90/GFP-RAF1-ER cells were competent to incorporate BrdU after re-plating at low-densities in fresh medium for 4 days (Figure 4c ). In contrast, incubation of confluent cells with 4-HT for 3 days before re-plating substantially reduced the fraction of cells that could re-proliferate. Only 40% of WI-38hTERT/GFP-RAF1-ER cells and 10% of confluent IMR-90/GFP-RAF1-ER cells were competent to incorporate BrdU over the following 4-day period (Figure 4c ). DAPI staining showed that about half of confluent WI-38hTERT/GFP-RAF1-ER cells and nearly all the confluent IMR-90/GFP-RAF1-ER cells had assembled SAHFs after incubation with 4-HT (Figure 4d ). These results suggest that a substantial fraction of confluent WI-38hTERT and IMR-90 fibroblasts could be induced into senescence by active RAF1 kinase, despite contact inhibition of DNA synthesis. Overall, the serum starvation and contact inhibition experiments strongly suggest that replicative stress is not required for RAF-induced senescence.
Derepression of p15, p16, p21 and p27 CKIs during RAF-induced senescence of WI-38hTERT fibroblasts Previous work showed derepression of p16 and p21 in RAF-induced senescence and suggested a predominant role for p16 in this process (Zhu et al., 1998) . Since other CKIs have more recently been implicated in oncogeneinduced senescence (Kuilman et al., 2010) , we examined the protein levels of all 8 CKIs during senescence induced by activated RAF1 in WI-38hTERT cells. In addition to p21-CDKN1A/CIP1 and p16-CDKN2A/ INK4a, we observed significant derepression of p15-CDKN2B/INK4b and p27-CDKN1B/KIP1, but not p18-CDKN2C/INK4c, p19-CDKN2D/INK4d or p57-CDKN1C/KIP2 (Figure 5a ). We did not observe Figure 6) . p16 was found to be the most abundant of the derepressed CKIs followed closely by p21. p27 was present at about fourfold lower levels, and p15 abundance was at least 10-fold lower in RAF-senescent cell extracts. Using these values, we estimated an average value of approximately 250 000 molecules of p16 per senescent cell (Supplementary Figure 6 legend) . However, indirect immunofluorescence analyses indicated that p16 and p21 are expressed in a highly heterogeneous manner in individual cells (Figure 5b ). Only about 50% of cells expressed p16 at high levels and only about 50% expressed p21 at high levels. Furthermore, about 25% of cells expressed both CKIs at high levels indicating that there was no apparent correlation between the high-level expressions of these two CKIs.
As indicated above, only cells that traversed S phase in presence of 4-HT appeared to derepress p21. As for p16, we do not understand the basis for its heterogeneous expression, but such variability has also been observed during replicative senescence (Herbig et al., 2004) and in senescent melanocytes within naevi (Michaloglou et al., 2005) .
Simultaneous knockdown of p16 and p21 is required for the efficient bypass or reversion of RAF-induced senescence of WI-38hTERT fibroblasts We developed conditions for siRNA knockdown of CKIs in WI-38hTERT/GFP-RAF1-ER cells (Figures 6a  and c) , and tested the effect of these depletions on the induction and the maintenance of RAF-induced senescence. To test the effect on senescence induction, proliferating cells were first treated with siRNAs to the CKIs for 24 h and then cells were incubated with 4-HT for 3 days. We then used BrdU incorporation and cellular proliferation in microwell plates to determine the effect of CKI knockdown on induction of senescence. No target siRNAs served as a negative control and RAF1 siRNAs as a positive control for effects on senescence. Individual knockdown of p15, p16 and p21 all increased significantly the percentage of cells incorporating BrdU (Figure 6b ) and cell proliferation Figure 7a) compared with the no target siRNAs. In contrast, we observed no significant effect of p27 depletion. Simultaneous knockdown of p15 þ p16 or p15 þ p21 further increased BrdU incorporation and cellular proliferation, but p16 þ p21 knockdown was by far the most effective combination in bypassing senescence induced by activated RAF1 kinase (Figure 6b ). We next determined the ability of CKI knockdown to revert RAF-induced senescence. Cells were induced into senescence by treatment with 4-HT for 3 days and the senescent cells were treated with siRNAs for 24 h in the absence of 4-HT. Cells were then further incubated for 3 days in the absence of 4-HT and reversion of senescence was scored by BrdU incorporation assays (Figure 6d ) by short-term proliferation in 96-well microplates (Supplementary Figure 7b) , and for longterm proliferation by clonogenicity assay (Figure 7) . Knockdown of RAF1 kinase activity had little effect on the senescent cells indicating that the stability of this senescence does not require maintenance of the initial oncogenic stimulus. In contrast, individual knockdown of p16 or p21, but not p15 or p27, allowed some reversion of senescence, but once again the double p16 þ p21 knockdown was most effective as seen by incorporation of BrdU by 90% of the senescent cells ( Figure 6d ) and short-term proliferation assays (Supplementary Figure 7b ). Furthermore, transient knockdown of p16 þ p21, accompanied by withdrawal of 4-HT to allow inactivation of the RAF1 kinase, allowed sustained proliferation of a majority of the reverted cells as determined by a clonogenicity assay (Figure 7) . However, approximately 10% of these cells showed indications of aberrant nuclear structures reminiscent of mitotic catastrophe events in the first few days after CKI knockdown (Supplementary Figure 8) . Thus, a significant minority of the cells had difficulty in passing the first mitoses after reversion of the senescent state. Aberrant nuclear staining was observed in o1% of senescent cells treated with No Target or RAF1 siRNAs.
Given the stability of the senescent state, the facility of senescence reversion by CKI knockdown was somewhat surprising. We thus sought to determine whether senescence could be as efficiently reversed for cells that had been maintained in senescence by active RAF1 kinase for 5 or 7 days. Simultaneous knockdown of p16 and p21 allowed BrdU incorporation to similar extents for WI-38hTERT/GFP-RAF1-ER or IMR-90/GFP-RAF1-ER cells maintained in senescence for 3, 5 or 7 days (Supplementary Figure 9) . Attempts at testing the stability of the senescent state for longer periods of time were complicated by the proliferation of a small sub-population of cells (o5%) that did not express the GFP-RAF1-ER fusion protein and did not undergo senescence in the presence of 4-HT. The proliferation of these cells with time made it increasingly difficult to distinguish reverted cells from the background of proliferating cells that had not undergone senescence. We are developing ways to address this problem, but we can nevertheless conclude at this time that reversion of RAF-induced senescence is remarkably efficient for cells maintained for at least 1 week in senescence.
Discussion
In this work we describe a clonal WI-38hTERT/GFP-RAF1-ER model cell line that has many desirable features to study oncogene-induced senescence of human fibroblasts. WI-38hTERT fibroblasts are immortal when grown under low oxygen tensions. These properties ensure a highly reproducible control proliferating population free from extraneous stress before oncogene activation. Upon addition of 4-HT to the cells, the GFP-RAF1-ER fusion protein accumulates within the cells and the RAF1 kinase is rapidly activated, leading to senescence of the entire population in 3 days within one population doubling. The three RAF kinases, A-RAF, B-RAF and C-RAF (also called RAF1), are immediately downstream of RAS in the mitogen-activated protein kinase cascade. Activation of RAF is associated with recruitment of the kinases by activated RAS at the plasma membrane and homoand heterodimerization of the RAF kinases (Niault and Baccarini, 2010) . RAF activation leads in turn to activation of downstream MEK and ERK kinases. Previous studies showed that RAF1 kinase activation also indirectly leads to p38 MAP kinase activation and to derepression of p16 and p21 (Zhu et al., 1998; Iwasa et al., 2003) , as reported for H-RASval12-induced Figure 7 Simultaneous knockdown of p16-INK4a and p21-CIP1 and withdrawal of 4-HT allows efficient reversion of RAF1-ER senescence with clonogenic growth. WI-38hTERT/GFP-RAF1-ER cells were induced into senescence by treatment with 20 nM 4-HT for 3 days. Senescent cells were then incubated with transfection media containing siRNAs for 24 h. An equal volume of complete MEM medium was then added and cells were incubated for a further 4 days before trypsinizing and replating one-third of the cells in 6 cm plates and incubating for 1 week before staining with crystal violet. By comparing with the clonogenic plating efficiency of control proliferating WI-38hTERT/GFP-RAF1-ER cells, we estimated that approximately 50% of the senescent WI-38hTERT/ GFP-RAF1-ER cells were able to form clones after simultaneous p16-INK4a and p21-CIP1 knockdown in the absence of 4-HT.
Parallel pathways in RAF-induced senescence M Jeanblanc et al senescence (Serrano et al., 1997; Wang et al., 2002) . We further show here that RAF-induced senescence is associated with the accumulation of HMGA1 and HMGA2 proteins and the assembly of striking SAHFs, which is also similar to senescence induced by HRASval12 (Narita et al., 2006) . However, as previously reported (Zhu et al., 1998) , RAF-induced senescence is not associated with a flattened, highly spread cell morphology, but rather with retracted spindle or spherical cell morphologies (Supplementary Figure 1) . This was also seen for senescence induced by activated MEK1 downstream of RAF (Lin et al., 1998) . Thus, cellular senescence is not universally associated with flat, spread morphologies as is often stated. Why then is RAFinduced senescence quicker and characterized by distinct cell morphologies? One possibility is that RAS activates at least two additional pathways (PI3-kinase and Ral GTPase) in addition to the RAF-MEK-ERK pathway (Rajalingam et al., 2007) . Another possibility is that negative feedback from activation of the RAF-MEK-ERK pathway may be affected differently by RASval12 and RAF1 activation (Courtois-Cox et al., 2006) . At least three pathways have been implicated in RAS/ RAF-induced senescence of human cells: DNA damage, transcriptional derepression of p16, and cytokineassociated stimulation of senescence (Kuilman et al., 2010) . The relative importance of these pathways and the extent of their dependency are not well established. Thanks to the rapidity of the RAF-induced senescence, we were able to better analyze some of these pathways. We found that only about half the cells activated DNA checkpoint pathways during RAF-induced senescence and this corresponded to cells that had traversed S phase during the period of RAF1 kinase activation. The remaining cells became senescent without having entered S phase and without activating DNA damage checkpoint pathways. In contrast, 90% of cells activated DNA-damage checkpoint pathways during H-RASval12-induced senescence (Di Micco et al., 2006; Mallette et al., 2007) . As cells undergo more than one doubling before senescence is induced after expression of RASval12 (Lin et al., 1998; Di Micco et al., 2006) , it is likely that nearly all cells traverse S phase during this period. These results are thus consistent with the suggestion that activation of DNA-damage checkpoint pathways during oncogene-induced senescence is restricted to S-phase cells (replicative stress). Two possible sources of DNA damage have been invoked for oncogene-induced senescence: ROS that could introduce oxidative lesions in DNA that impede replication fork progression (Moiseeva et al., 2009; Rai et al., 2011) , and overexpression of DNA replication factors that could lead to perturbations of DNA replication (Bartkova et al., 2006; Di Micco et al., 2006) . We found that RAF-induced senescence was accompanied by the generation of significant ROS when cells were cultivated in ambient 21% oxygen, as has been described for RASval12-induced senescence (Lee et al., 1999; Moiseeva et al., 2009) . However, ROS production was greatly reduced when cells were grown in 5% oxygen that is closer to the physiological levels found in mammalian tissues (Brahimi-Horn and Pouyssegur, 2007) . Cells traversing S phase in 5% oxygen after RAF1 activation nevertheless experienced replicative stress, suggesting that factors other than ROS contribute to this stress. Furthermore, senescence proceeded normally in 5% oxygen even in the presence of the anti-oxidant NAC, strongly suggesting that RAF-induced senescence does not depend on the generation of ROS. In contrast, senescence induced by RASval12 was inhibited (Lee et al., 1999) , although apparently not completely prevented (Moiseeva et al., 2009; Young et al., 2009) , by NAC and low oxygen tensions.
Replicative stress was also suggested to be essential for RASval12-induced senescence (Di Micco et al., 2006; Mallette et al., 2007) , whereas RAF-induced senescence proceeded efficiently in serum-starved cells or contactinhibited cells in the absence of DNA replication. Altogether, these results suggest that RAF1-induced senescence, although sharing many characteristics with RASval12-induced senescence, nevertheless displays some specific features in terms of rapidity and a lack of dependence on ROS and replicative stress.
How can RAF1 activation induce senescence in serum-starved or contact-inhibited cells? CKIs such as p21-CIP1 and p27-KIP1 have been reported to accumulate during serum starvation and growth to confluency and to contribute to the block in proliferation (Nakanishi et al., 1995; Coats et al., 1996) . Under normal conditions, this proliferative block is reversed when cells are re-fed with serum or trypsinized and diluted. We showed that activation of the RAF1 kinase in serum-starved or confluent cells led to an irreversible arrest of proliferation with SAHF assembly. We suggest that RAF1 kinase activation in these cells either blocks the turnover of CKIs that normally occurs when serumstarved or confluent cells are returned to permissive growth conditions, or leads to the synthesis of other CKIs such as p16-INK4A/p15-INK4B that maintain the proliferative arrest.
Although we did not test the importance of CKIs in the RAF-induced senescence of serum-starved or confluent cells, we did study their role in the RAF-induced senescence of proliferating human fibroblasts. We found that simultaneous knockdown of p16 and p21 CKIs was required to efficiently bypass or reverse RAF1-induced senescence of these cells. p21 synthesis was restricted to cells traversing S phase after RAF1 kinase activation. These cells also activated DNA damage pathways, as seen by g-H2AX foci and phospho-T68-Chk2 staining, suggesting that p21-CDKN1A transcription was activated by p53 in response to replicative stress. Interestingly, p16 expression was also heterogeneous in these senescent cells for unknown reasons that are presumably related to the complex epigenetic regulation of the INK4 locus (Popov and Gil, 2010) .
We also found that p15-CDKN2B and, to a lesser extent, p27-CDKN1B were derepressed during RAF1-induced senescence. Determination of average absolute protein levels of these CKIs in senescent cell extracts revealed that p16 and p21 were at least fourfold more abundant than p15 and p27. This quantitative difference in abundance likely contributes to the greater dependence of senescence induction and maintenance on p16 and p21 compared with p15 and p27.
Oncogene-induced senescence has been described as being an irreversible proliferative arrest whose maintenance is ensured at least in part by the assembly of stable heterochromatic foci, as seen here for RAF1-induced senescence of human fibroblasts. However, we found that this state is readily and rapidly reversed by inactivating the oncogenic stimulus in combination with the transient knockdown of p16 and p21. Likewise, the cell-cycle exit of replicatively senescent human cells or terminally differentiated myotubes is readily reversed by CKI knockdown (Beausejour et al., 2003; Pajalunga et al., 2007) . The senescent state thus appears to depend on a dynamic regulatory network that must be actively maintained in order to prevent reversion. The majority of cells that escaped senescence retained clonogenic potential (Figure 7 ), but about 10% showed signs of mitotic catastrophes in the first few days following CKI knockdown (Supplementary Figure 8) . Escape from oncogene-induced senescence may thus engender genomic instability in a fraction of the revertants and facilitate progression towards malignancy.
Materials and methods
Cell lines and culture IMR-90/GFP-DRAF1-DD:ER cells were a generous gift of Martin McMahon (University of California at San Francisco). WI-38 human embryonic fibroblasts (American Type Culture Collection-LGC Standards, Molsheim, France) were infected with pLXSN-hTERT, and G418 resistant cells were selected (Dalerba et al., 2005) . WI-38hTERT cells were then nucleofected using conditions of the manufacturer (Lonza, Basel, Switzerland) with pWZL3-Blast-GFP-DRAF1-DD:ER DNA (also obtained from Martin McMahon) linearized in the ampicillin resistance gene by PvuI digestion and stably integrated clones were selected for resistance to 5 mg/ml blasticidin. Individual clones were amplified and tested for homogeneous induction of senescence after 3 days of incubation in 20 nM 4-HT. 4-HT (Sigma H6278) was added to media from 1000 Â stock solutions in ethanol. 4-HT at levels up to 1 mM had no effect on the proliferation of control cell lines containing the pBabe-puro vector. For experiments involving fluorescent ROS sensors, we nucleofected WI-38hTERT cells with PvuI-digested pBabe-DRAF1-DD-ER cells and selected for stably integrated clones that were resistant to 2 mg/ml puromycin. Individual clones were then screened for homogeneous senescence after addition of 4-HT for 3 days. WI-38hTERT cell lines were grown in modified Eagle's medium þ 10% fetal bovine serum þ 1 mM sodium pyruvate þ 2 mM L-glutamine þ 0.1 mM MEM nonessential amino acids (Invitrogen, Cergy Pontoise, France). Cells were cultured in a 5% carbon dioxide and 5% oxygen incubator unless indicated otherwise. WI-38hTERT/GFP-RAF1-ER had an optimal doubling time of approximately 30 h when grown in 3-5% oxygen. In contrast, the doubling time of these cells was approximately twice as long when they were grown in ambient 21% oxygen.
Cell viability measurements
Propidium iodide was added to the medium at a final concentration of 1 mg/ml for 5 min and microscopic images were acquired with red fluorescence to identify dead cells that were permeable to the propidium iodide. Induction of senescence by addition of 4-HT to GFP-RAF1-ER cells was accompanied by approximately 1% of dead cells. Similar values were observed for experimental manipulations involving incubation with KU-55933, NAC or treating contact-inhibited confluent cells with 4-HT. Three experimental conditions generated significant cell death. First, treating proliferating WI-38hTERT/GFP-RAF1-ER cells with 200 nM UCN-01 for 3 days led to approximately 30% dead cells. Treating cells with 20 nM 4-HT þ 200 nM UCN-01 for 3 days reduced the toxicity to 10%. Second, variable quantities of cell death were generated when WI-38hTERT/GFP-RAF1-ER cells were incubated with medium containing 0.1% serum to induce quiescence (20-50%). However, addition of 4-HT to the serum-starved cells did not induce significant additional mortality (o5%). Third, reversion of senescence by simultaneous knockdown of p16 þ p21 after withdrawal of 4-HT allowed most cells to incorporate BrdU, and approximately half of these cells retained clonogenic potential (Figures 6 and 7) , but approximately 10% of these cells showed indications of aberrant nuclear structures reminiscent of mitotic catastrophe events in the first few days after CKI knockdown (Supplementary Figure 8) .
Si RNA Transfection of WI-38hTERT/GFP-RAF1-ER cells Proliferating and senescent WI-38hTERT/GFP-RAF1-ER cells were transfected at 50% confluency with Dharmafect 4 transfection reagent (ThermoFisher Scientific, Surrey, UK) and 100 nM of si Genome SMART pool RNAs for RAF1, or p15-CDKN2B, or p21-CDKN1A, or p27-CDKN1B, and si Genome SMART pool No Target RNAs as a negative control. To knockdown p16-CDKN2A, we used the previously validated siRNA sense-strand sequence CCAACGCACCGA AUAGUUA (Narita et al., 2006) . The transfection procedure was performed in 6-or 24-well plates according to the manufacturer's instructions. To test the effect of CKI knockdown on the induction of senescence, proliferating cells were incubated for 24 h with transfection media containing siRNAs before inducing senescence by the addition of an equal volume of complete MEM medium containing 40 nM of 4-HT. After further incubation for 3 days, cells were either harvested for western blotting or used for BrdU incorporation assays.
To test the effect of CKI knockdown on the maintenance of senescence, cells were induced in senescence by incubation with 4-HT for 3 days. Senescent cells were then incubated with transfection media containing siRNAs for 24 h. An equal volume of complete MEM medium without 4-HT was then added and cells were incubated for a further 3 days and then either harvested for western blotting or used for BrdU incorporation assays.
Flow cytometry analyses of DNA content and reactive oxygen species DNA content analysis was performed with a FACS Calibur flow cytometer (BD Biosciences, le Pont de Claix, France) essentially as described (Terry and White, 2006) . To determine ROS levels, cells were grown in 6-cm plates to approximately 50% confluency, and then treated with 20 nM 4-HT for 3 days by dilution from a 1000 Â stock solution in ethanol. Control cells at 25% confluency were treated with the ethanol solvent at 0.1% final concentration for 3 days. Cells were then washed with Hanks buffered salt solution and incubated with 10 mM H2DCFDA (Invitrogen) in Hanks buffered salt solution for 20 min at 37 1C. After washing in phosphate buffer saline (PBS), cells were trypsinized, resuspended in complete medium, washed once in PBS, and resuspended in 1 ml cold PBS for immediate analysis by flow cytometry using 488 nm argon laser excitation and monitoring the FL1-H green fluorescent emission of 15 000 cells. Data from FACS Calibur were imported into R (R Development Core Team, 2010) using the flowCore package (Hahne et al., 2009) . For each dataset, the mode of the Log10(FL1-H) distribution (as shown in Supplementary Figure  4) was determined in R (the mode is the Log10 (FL1-H) value, which is the most represented in the distribution). The corresponding FL1-H value was then used in Figure 3 to compare the DCF fluorescence intensities. (3-4 replicates per experimental condition. All graphs were done in R.)
Western blotting Cells were harvested by trypsin treatment followed by two washes in cold PBS. For CKI analyses, whole-cell extracts were prepared by resuspension of cells in PBS supplemented with anti-protease cocktail (Roche, Meylan, France) and Laemmli 5 Â sample buffer. Samples were then heat treated at 95 1C for 15 min and subsequently sonicated five times for 5 s on ice. For non-denaturing extractions, cells were resuspended in cold extraction buffer (PBS þ 1% sodium deoxycholate þ 1% Triton-X-100 þ 0.2% SDS) containing Roche protease inhibitor cocktail and a phophatase inhibitor cocktail (10 mM sodium orthovanadate þ 20 mM b-glycerol-phosphate þ 5 mM EDTA). An extract containing soluble proteins was obtained by centrifugation at 20 000 g for 15 min at 4 1C. Protein concentrations were determined by the Bradford method (Bio-Rad Protein assay). Proteins from cell lysates were separated by sodiumdodecyl-sulfate polyacrylamide gel electrophoresis, and proteins were transferred to nitrocellulose membranes using the XCell II apparatus (Invitrogen). Membranes were subsequently blocked by incubation with 5% non-fat milk in PBS buffer, or with PBS/ Odyssey (1:1) blocking buffer (Li-Cor Biosciences, Nebraska, USA) for 1 h at room temperature. Blots were probed with the following antibodies under the manufacturer's recommended conditions: rabbit anti-p15 (Santa Cruz, Santa Cruz, CA, USA, sc-612), mouse anti-p16 (Sigma, Saint-Quentin Fallavier, France, P0968), mouse anti-p18 (Abcam, ab3216), mouse anti-p19 (Santa Cruz, sc-56334), mouse anti-p21 (Santa Cruz, sc-6246), rabbit anti-p27 (Millipore, Molsheim, France, 04-240), rabbit anti-p57 (Upstate, Charlottesville, VA, USA, 06-556), mouse antip14-ARF (Abcam, ab11048), rabbit anti-GAPDH (Abcam, Cambridge, UK, ab9485), rabbit anti-phospho-p44/42 MAPK (Cell Signaling, Danvers, MA, USA, 4377), rabbit anti-p44/42 MAP kinase (Cell Signaling, 4695) , rabbit anti-phospho-p38 MAP kinase (Cell Signaling, 4631), rabbit anti-p38 MAP kinase (Cell Signaling, 9218), rabbit anti-HMGA1 (Santa Cruz, sc-8982), rabbit anti-HMGA2 (Santa Cruz, sc-30223) and mouse antihistone H1 (Millipore, . Washed membranes were then incubated with goat anti-rabbit or goat anti-mouse antibodies conjugated respectively with infrared dyes 680 or 800 (Li-Cor, Lincoln, NE, USA) at 1:10 000 dilution in PBS/Odyssey (1:1) blocking buffer for 30 min. Washed membranes were then scanned and analyzed with the Odyssey infrared imaging system and its associated software (Li-Cor).
Quantitative real time-PCR
Reverse transcription and qRT-PCR to quantify IL8 and MMP1 mRNAs were performed using primers and protocols, as described (Jun and Lau, 2010) , on a Bio-Rad iQ5 instrument.
BrdU incorporation and Immunostaining
Cells were seeded in 24-well plates at a density of 50 000 cells/ well on sterilized and collagen-coated coverslips. BrdU was added to media at a final concentration of 50 mM for the indicated periods of time. Note that cells proliferated slightly slower on glass cover slips compared with plastic culture dishes. Immunofluorescence to visualize incorporated BrdU and/or intracellular proteins was performed as described (Galvani et al., 2008) using mouse anti-p21 (Santa Cruz, sc-6246), rabbit anti-p16 (Santa Cruz, sc-759) and rabbit antiphospho-T68-Chk2 (Cell Signaling, 2661), under the conditions suggested by the manufacturer. We used mouse anti-gH2AX antibodies (Millipore, 05-636) diluted 1/500 with an incubation of 1 h at room temperature to visualize gH2AX foci within cells. Under these conditions, only cells in S phase and mitotic chromosomes showed appreciable staining in proliferating control cells.
Clonogenic assay WI-38hTERT/GFP-RAF1-ER cells were seeded in 24-well plates at a density of 50 000 cells/well. Cells were then induced to senescence by incubation with 4 HT for 3 days. At this time, 4HT was removed and CKI knockdown was performed as described above for 4 days. Finally, one third of cells from each well was seeded in new 6 cm plates and cultured for 1 week before staining with PBS þ 0.1% crystal violet. Control proliferating WI-38hTERT/GFP-RAF1-ER cells had a clonogenic plating efficiency of approximately 2%.
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